I. INTRODUCTION
E LECTRICAL BALANCE DUPLEXERS (EBDs) [1] - [5] provide high transmit-to-receive (Tx-Rx) isolation and can be tuned over wide frequency ranges, and are therefore of interest as a potential alternative to fixed frequency acoustic resonator filters in cellular FDD transceivers (e.g. surface acoustic wave (SAW) filters), which effectively limit the number of bands that can be covered due to the cost, size, and loss associated with these components [6] , [7] . EBDs implement a form of self-interference cancellation, and are also of interest as the first stage of cancellation in in-band full-duplex (IBFD) transceivers [3] , [8] . IBFD systems typically achieve >100 dB of Tx-Rx isolation, thereby allowing simultaneous transmission and reception on the same frequency to increase spectral efficiency [8] .
The EBD consists of a hybrid junction and a tunable balancing impedance, connected to the transmitter, receiver, and antenna, as shown in Fig. 1 . High transmit to receive isolation is obtained when the balancing impedance is equal to the antenna impedance, however the antenna impedance can be time-variant due to electromagnetic interaction with the local environment, and thus the balancing impedance must also adaptively track the antenna impedance in order to maintain Tx-Rx isolation in dynamic environments. The high Manuscript received March 1 st 2016, revised July 24 th 2016, accepted August 23 rd 2016. This research is supported by the UK EPSRC through the University of Bristol Impact Acceleration Account (EP/K503824/1), and by u-blox AG.
L. Laughlin levels of isolation achieved (>50 dB) by EBDs are contingent on very close matching between the antenna and balancing reflection coefficients, requiring a balancing impedance tuning resolution of the same order as the required isolation [2] , [4] . Furthermore, due to the required balancing accuracy, the circuit can be sensitive to very small variations in the antenna reflection coefficient caused by environmental interactions. Previous contributions on this topic [9] , [10] have embedded dynamically measured antenna reflection coefficient data into adaptive EBD circuit simulations to investigate the impact on performance and the requirements for adaptation. Results demonstrate that user interaction and device motion in indoor environments can cause substantial variations in Tx-Rx isolation, but that updating the balancing impedance value at intervals of the order of 10 ms is effective at maintaining isolation in these environments.
This letter investigates EBD performance variation and balancing adaptation requirements in vehicular scenarios. Previously measured dynamic environments [9] , [10] were slowly changing due to the low speed of user motion and indoor device motion, however the much higher speeds in vehicular scenarios have the potential to require correspondingly faster balancing impedance adaptation. It is therefore necessary to quantify EBD performance for this use case in order that potential limitations can be identified and the dynamic tracking performance specified appropriately. Dynamic antenna reflection coefficient variation of vehicle rooftop and dashboard mounted antennas has been measured at frequencies of 875 MHz and 1900 MHz and for various vehicle speeds up to 112 km h -1 . The measured S 11 time series' were then embedded into EBD circuit simulations to analyze the variation in EBD performance and determine adaptation requirements.
II. VEHICULAR ANTENNA MEASUREMENTS Three antennas were selected for use in this investigation: a Taoglas PAD710 multiband cellular antenna, and two dipole antennas, one designed for operation at 875 MHz and the other for operation at 1900 MHz. The use of two dipole antennas at two different frequencies allows differences between the final results to be attributed to the differences in propagation behavior only (this is not the case with the multiband cellular antenna as the antenna exhibits different patterns and efficiencies at different frequencies). Two antenna mounting positions were selected: a rooftop antenna position towards the rear of the vehicle and a dashboard mounted antenna (commonly mounted beneath the dashboard cover and therefore not visible). The vehicle used in this investigation was a 5door Vauxhall Astra, this being an average sized European car. The vehicle did not have metalized tinted windows or an electrically heated front windscreen.
Antenna reflection coefficient measurements were performed across two 20 MHz bandwidths centered at 875 MHz and 1900 MHz. This measurement bandwidth was chosen as the simulated EBD (described in the following section) operates over a 20 MHz bandwidth, this being the largest bandwidth used by long term evolution (LTE). Each measurement/simulation operates over a single contiguous 20 MHz band, corresponding to an IBFD system, however since the tunable balancing impedances presented in [4] , [11] allow for simultaneous independent impedance control in the uplink and downlink bands this analysis is also directly relevant to the FDD application.
The antenna S 11 measurements were performed using a National Instruments vector signal transceiver (VST) system configured as a vector network analyzer (VNA), measuring the antenna S 11 across a 20 MHz bandwidth with a frequency resolution of 100 kHz at 0.5 ms intervals (i.e. 2 kHz sampling rate). The maximum Doppler spread of the dynamic antenna S 11 which can be captured alias free is therefore 2 kHz. This corresponds to a maximum Doppler shift of 1 kHz, which at At 1900 MHz corresponds to a maximum speed of 158 m s -1 (568 km h -1 ), which is sufficient for car based measurements. Measurements were taken at vehicle speeds from 0 to 48 km h -1 in a dense urban environment, and at speeds from 0 to 112 km h -1 in a motorway environment. Measurements were also taken a slow speeds (<10 km h -1 ) in an underground carpark environment.
III. SIMULATED ADAPTIVE EBD
Frequency domain variation in the antenna reflection coefficient is the primary factor limiting EBD isolation [3] . Incorporating a measured antenna S 11 into a basic circuit simulation can therefore provide an accurate evaluation of the Tx-Rx frequency response of the EBD, and this hybrid measurement/simulation methodology has been validated against hardware measurements [9] . The antenna S 11 measurements described above provide a time series of antenna reflection coefficient frequency responses. This is incorporated into an EBD circuit simulation to provide a highly realistic timefrequency model of the dynamic antenna reflection coefficient. The EBD simulation assumes an ideal hybrid junction and ideal lumped element components in the tunable balancing impedance circuit. The simulated balancing impedance circuit is a parallel resistor capacitor (RC) or resistor inductor (RL) depending on whether the measured antenna exhibits capacitive or inductive reactance 1 , and includes a transmission line matched to the mean group delay of the antenna and interconnect.
The level of isolation provided by an EBD is determined by the limited accuracy with which the single pole balancing circuit can mimic the antenna impedance across the whole band [3] . This limits the isolation bandwidth, thereby also limiting the average isolation across a particular bandwidth, however the isolation across a given band can be maximized by applying the minimum mean squared error (MMSE) technique presented in [3] , thereby minimizing total self-interference power. To balance the duplexer, the simulation calculates the optimal component values directly from the antenna S 11 data. In a practical system the same result can be achieved using the balancing algorithm presented in [5] . The simulation applies this MMSE technique to maximize isolation, and reports the mean isolation across the band, I, as a function of discrete time according to the following expression
whereĜ[k, nT s ] is the Tx-Rx transfer function of the simulated duplexer at time t = nT s , T s is the measurement/simulation sampling period (0.5 ms), and the interval k ∈ [0, K − 1] represents the measurement frequencies within the 20 MHz band of interest. The average isolation across the band is an appropriate metric, as this determines the Rx signal to interference ratio. As was the case in [9] and [10] , the simulation implements three balancing impedance adaptation characteristics. Ideal balancing calculates new balancing impedance component values on every simulation time-step (i.e. for each antenna S 11 measurement in the time series) thus ensuring the EBD isolation is always maximized. Static balancing calculates balancing impedance settings based on the first antenna S 11 measurement in the time series, but then does not update these values for the remainder of the simulation duration. Limited rate adaptation (LRA) recalculates balancing impedance settings at a given interval (i.e. according to every n th measurement in the antenna S 11 time series). These three adaptation behaviours allow the degradation in isolation 1 Tunable inductors are impractical in this application, however in practice a tunable inductance can be emulated over a limited frequency and tuning range using a fixed inductor in parallel with a tunable capacitor, as shown in [12] . This is the final authors' version of this article. The final version of record can be found at ieeexplore.ieee. due to imperfect balancing adaptation to be quantified and the trade-off between the EBD re-balancing rate and Tx-Rx isolation to be observed. The duration of each simulation run is approximately 10 s (as determined by the duration of the S 11 time series which is input to the simulation). Simulations of a longer duration were observed to give substantially identical results, demonstrating that a duration of several seconds is adequate to capture the range of variation of the dynamic antenna reflection coefficient in the measured environments. A more detailed description of this simulation method can be found in [10] .
IV. RESULTS

A. Interaction with exterior environment
The cumulative distribution functions (CDFs) of the simulated Tx-Rx isolation over the duration of various EBD circuit simulations are plotted in Fig. 3. Fig. 3a and Fig.  3b compare the results from the three dynamic environment scenarios: the motorway at a speed of approximately 112 km h -1 , the urban environment at a speed of approximately 32 km h -1 , and the underground carpark at a speed of approximately 10 km h -1 . Results are plotted for the ideal and static balancing impedance adaptation behaviors, and for limited rate balancing impedance adaptation with balancing intervals of 10-500 ms, as annotated. In the outdoor environments (motorway and urban) it is notable that the resulting isolation from ideal and static balancing are very similar, demonstrating that balancing impedance adaptation is not critical to Tx-Rx isolation performance in these scenarios. Since the static case achieved close to ideal performance, curves for LRA are not plotted for these environments. It can be seen that the Tx-Rx isolation is slightly lower and is more variable in the urban environment as compared to the motorway, and this can attributed to the increased environmental reflection in this environment, however the difference is relatively small. In the carpark environment, substantially more variation is observed. For the roof mounted dipole at 875 MHz (Fig. 3a) , even when EBD balancing is ideal, there is >15 dB variation in the Tx-Rx isolation at 875 MHz. In this environment there is also a larger difference between the ideal and static case, demonstrating that the increased environmental reflection reduces the EBD performance, however even in this environment the loss in performance is limited to, on average, approximately 5 dB. Comparing results from the carpark environment at the two different frequencies ( Fig. 3a and Fig. 3b ), it is also clear that the environmental reflections cause greater variation at the lower frequency. This can be attributed to the reduced propagation loss experienced by the lower frequency signal, which means that environmental reflections will have a greater impact on the antenna reflection coefficient. As would be expected given the larger variation in Tx-Rx isolation, the range of variation in the antenna reflection coefficient itself was also observed to be largest in the carpark at 875 MHz. In this scenario all antenna reflection coefficient measurements exhibited a voltage standing wave ratio (VSWR) of less than 1.85:1. The simulated balancing reflection coefficient required a corresponding tuning range.
Similar results were observed for the other antennas/positions, with the variation in Tx-Rx isolation being small in the motorway and urban environments regardless of the antenna type, position and frequency. Fig. 3c plots results for the dashboard mounted antennas when using LRA with a 10 ms re-balancing interval in the carpark environment. Comparing the results for dashboard mounted dipole antennas against rooftop mounted dipoles (as shown in Fig. 3a and Fig. 3b ), It can be seen that EBD performance is reduced in the dashboard mounted scenario. At 1900 MHz the reduction is only 2-3 dB, however at 875 MHz a substantial reduction in EBD isolation is observed, demonstrating that objects in close proximity to the antenna can have a substantial detrimental impact on EBD performance. The cellular antennas were observed to result in slightly better performance in this environment.
B. Interaction with vehicle and passengers
For dashboard mounted antennas, vehicle motion is not the only source of environmental variation: the passengers and moving vehicle parts may also perturb the antenna reflection coefficient. To quantify these effects, measurements were also conducted in a further two scenarios: whilst the driver was adjusting the vehicle controls and moving the steering This is the final authors' version of this article. The final version of record can be found at ieeexplore.ieee. wheel (emulating normal driving behaviour), and whilst the windscreen wipers were switched on 2 . The range of variation in the antenna reflection coefficient was significantly higher in this scenario, with the windscreen wipers resulting in the largest variations. Due to the relatively poor matching of the cellular antenna, and detuning from environmental interaction, the VSWR of the antenna reflection coefficient was observed to go as high as 3.6:1. The corresponding simulation results are plotted in Fig. 4 . The effect of driver interaction is plotted in Fig. 4a for the cellular antenna at 875 MHz, showing that the impact of the driver/passengers is limited, and that a 100 ms re-balancing interval is sufficient to maintain near ideal isolation in this scenario. However, as shown in Fig. 4b , the windscreen wipers were observed to induce large reductions in the duplexer isolation. Without adaptation (i.e. static balancing), the isolation was observed to fall below 30 dB at times, and a relatively fast re-balancing interval of 5 ms was required to maintain performance to within 3 dB of the ideal EBD. This results demonstrates that, adaptive EBD balancing can be critical to Tx-Rx isolation for dashboard mounted antennas. However, Fig. 4c shows that the degradation is less severe in the higher frequency antennas, attributable to the smaller nearfield region of these devices.
V. CONCLUSION
Circuit simulations which include measured time-variant antenna impedance data have been used to quantify performance variation and determine balancing impedance adaptation requirements for electrical balance duplexers operating in vehicular scenarios. Results show that vehicle motion does not necessitate high speed EBD adaptation, but dashboard mounted antennas are susceptible to interaction with the windscreen wipers, requiring re-balancing intervals of 5 ms or less to maintain Tx-Rx isolation.
